A novel method for treating type II odontoid fractures is presented. The use of a sintered titanium odontoid prosthetic could eliminate long healing times associated with external fixation methods, and the neurological deficits associated with non-union events in odontoid fracture treatment. Finite element experiments provide early indications that the axis vertebral body could accommodate a titanium odontoid prosthetic. Strain of 3.5 % and stresses of up to 10.5 MPa on the reamed opening of the axis vertebral body are considered as the local maximums. Conventional and emerging implant fixation and non-fouling techniques are also discussed.
Proposal of a new method for treating type II odontoid fractures: Odontoid process prosthetic (Ti)
A novel method for treating type II odontoid fractures is presented. The use of a sintered titanium odontoid prosthetic could eliminate long healing times associated with external fixation methods, and the neurological deficits associated with non-union events in odontoid fracture treatment. Finite element experiments provide early indications that the axis vertebral body could accommodate a titanium odontoid prosthetic. Strain of 3.5 % and stresses of up to 10.5 MPa on the reamed opening of the axis vertebral body are considered as the local maximums. Conventional and emerging implant fixation and non-fouling techniques are also discussed.
dontoid fractures account for 10 to 11 percent of all cervical spine injuries in adult populations. 26 Type II odontoid fractures are the most difficult to treat and consist of more than 35% of all axis fractures. The non-union rate in bone matrix of type II odontoid fractures is the highest, with a mean of 28.4% (n = 340). 24 Type II odontoid process fractures have been increasing in frequency during the past few decades due to increased motor vehicle injuries. 22 The majority of cervical spine injuries, occurring in younger patients, are a result of high bending and shear forces. The more powerful forces are a result of motor vehicle accidents, ski accidents and falls from considerable heights. 36 Elderly patients that fall from a standing height onto the cranium are at risk of odontoid fracture due to low bone mineral density.
37 Figure 1 illustrates the relationship of bone mineral density of the odontoid process with age.
The majority of severe cervical spine injuries result from an impact with the head. The head is forced to rapidly decelerate and the velocity of the torso causes the neck to adopt a hyperextended or hyperflexed posture. 22 The atlas, as a result, causes sufficient shear forces to fracture the odontoid process from the axis. 36 Subsequent degrees of displacement of the odontoid process can occur due to shear forces in combination with axial compressive forces. 4 Many factors are associated with treatment and or fracture management such as the fracture line anatomy, degree of dislocation, patient's age, amalgamation of related injuries and general physical state. 1 Existing methods of treatment for type II odontoid fractures range from collar immobilization, 1 halo jacket immobilization 36 and operative treatments such as posterior fusion 9, 32 and screw fixation. 20, 29, 32 Odontoid fractures have many different methods of treatment, which causes incongruities when discussing long-term prognosis of this type of spinal injury. 1 This disagreement is born by the incidences of non-union at the fracture site. Estimations are as low as 4.8 percent and as high as 62.8 percent. 1, 17, 44, 48 Non-union rates cause other physiological concerns such as neurological deficits (85.7%; n = 14), reduced range of motion (28.6%; n = 14) and cervical stiffness (35.7%; n = 14). 36 Individuals that exhibit neurological deficits demonstrate delayed signs and symptoms subsequent to nonunion of the dislocated odontoid process. The deficits can be noticed between 6 and 120 months (mean of 32 months) after the original dislocation. 11 Periods of immobilization vary depending on the severity of the injury and the amount of blood supplied to the fracture site. 27 The average immobilization period is 12 weeks. 36 The instability of the atlantoaxial articulation can be attributed to inappropriate management of the dislocation.
ANATOMY AND PATHOLOGY
The axis (C2), also called the epistropheus, is the second vertebra of the cervical spine; it creates a pivot point between the head and neck. The strongest characteristic is a perpendicular process which is responsible for two distinct articulations. The first articulating surface comprises of an anterior surface which is oval in shape and in contact with the atlas (C1). The second articulating surface is a posterior surface which is in contact with the transverse ligament. 23 Two distinct regions characterize the cervical spine; the occipitoatlantoaxial region (C1-C2) and the sub-axial region (C3-C7). The focus of the reviewed literature is centered on the atlantoaxial articulation which is essentially the occipitoatlantoaxial region. The atlantoaxial articulation is essential for keeping a normal lordotic spine posture. A lordotic alignment of the spine is accomplished through complex interactions between the vertebral bodies and integrated ligaments and muscles. This posture provides support to the cranium, protects vital neural pathways and allows for a wide range of motion. 23 The odontoid process represents the foundation of stability at the atlantoaxial articulation due to the attached ligamentous structures. 11 The ligamentous restraints in combination with the anterior atlantal arch provide support and prevent anterior-posterior dislocation. 50 Type II odontoid fractures occur at the neck of the odontoid process located at the junction between the dens and the axis. Figure 2 shows the separate regions of the odontoid process. Due to the tendency of displacement, type II odontoid fractures are considered unstable. 27 The odontoid process represents one third of the diameter of the spine canal, the spinal cord represents one third as well. The remaining third acts as a buffer region allowing for a degree of sublaxity or pathological displacement. 50 When a type II odontoid fracture occurs, the fragment will be displaced along with the atlas due to the loss of support in the anterior-posterior direction. Severe displacements will cause compressive pressures to impinge on the spinal cord. This displacement will reduce the contact area of the fragments which will interfere with fracture union. 11 The reliability of radiographs to demonstrate the contact area between fragments is not consistent. 46 To reduce incidences of non-union rates, a recommended maximal displacement of 20% in both planes dictates the recommended surface contact area of 64% or more.
11
M. R. Haffajee studied the arterial blood supply to the odontoid process as a possible factor explaining incidences of non-union of type II odontoid fractures. Three sources have been clearly defined as arterial blood supplies to the odontoid process. The first source is the anterior and posterior ascending arteries 27 which are independent of the vertebral artery. 49 The second source is found in the retropharyngeal cleft 43 and consists of a pair of transverse arteries. The third source is an ascending pharyngeal artery. 53 Fisher et al. in 1974 determined that the least vascularized region of the odontoid process seemed to be the neck; this can be correlated to the incidences of non-union in type II odontoid fractures. Therefore, theoretically, a fracture through the neck of the odontoid process causing sufficient displacement will interrupt the ascending arterial blood supply to the fracture site.
LIMITATIONS OF CURRENT METHODS
Type II odontoid fractures are the most frequent and recurring axis fractures that are consequently the most difficult to manage. 24 Factors affecting the success of nonoperative management account only for odontoid process displacement and patient age. 13 The non-union rate in nonoperative management is relatively high with a peak of 64%. 54 When immobilization fails to keep adequate alignment, a revision surgery, such as posterior fusion and screw fixation, allow for correct alignment which renders the patient instantly mobile. The immobilization causes medical complications such as reduced range in motion, cervical stiffness and peripheral soft tissue damage. 28 Henceforth fixation will reduce the medical complications from prolonged immobilization. 31 The need for a more integrated approach to resolve issues concerning non-union rates and prolonged immobilization is essential for a better prognosis of type II odontoid fracture.
Roentgenographic and clinical factors such as patient age, 2 degree of dislocation, 14 direction of displacement, 13 odontoid angulation of more than 10 degrees 7 and degree of neurological deficits 13 have been researched to qualify the rate of non-union in type II odontoid fractures. Regardless of other associated factors, non-union of type II odontoid fractures seemed to be significant when the odontoid displacement was more than 6 mm. 24 The integrity of the transverse atlantal ligament, in correlation with type II odontoid fracture, is also a factor affecting atlantoaxial stability. Even after posterior fusion and if the laxity in the transverse atlantal ligament is sufficient, stability will be affected, or "and will impinge on" impinging on the union at the fracture site. 24 This finding directly relates to the delayed instability and non-union of cases involving odontoid angulation greater than 10 degrees, large displacement, and instability at the fracture site associated with poor immobilization. Therefore most odontoid fractures with associated ligament injuries should be managed with an early surgical method. 12 A review of the current literature presents the differences between surgical and non-invasive treatments of type II odontoid fractures but fails to identify a recommended treatment. Therefore a distinct and appropriate treatment method remains controversial. The non-invasive methods of treatment presented limitations due to high rates of non-union and long periods of immobilization. The surgical approach of internal fixation presents many complications such as soft tissue injuries and nerve damage which can require revision surgeries. 5, 15, 20, 32 The posterior fusion technique can cause loss in lordosis of the cervical spine which causes abnormal forces within the entire cervical spine. 33 An improved treatment method is also needed to reduce incidences of post-operative complications and revision surgeries. The introduction of a titanium odontoid prosthesis would reduce the rate of non-union and immobilization periods, and could reduce the neurological deficits associated with non-union.
IMPLANT DESIGN & FINITE ELEMENT MODELING
A replacement dens was designed and modeled in UGS NX 4.0. It was composed of a head piece attached to a shaft that is meant to be inserted into the axis vertebral body shown in Figure 3 . Only the segment interacting directly with the axis vertebral body is modeled as shown in the top left.
The head of the implant was contoured to simulate the anterior face of the dens extension and act to replace the articulating surface against the posterior tubercle of the atlas. The shaft was designed as a cylindrical extension with blended edges to maximize the bone-metal interface for fixation by bone ingrowths or cement (Polymethylmethacrylate, PMMA).
Basic dimensions like height, width and diameter that were chosen from anatomical measurements of the odontoid process that can be found in Morphometric Anatomy of the Atlas and Axis Vertebrae. The major dimensions of the implant may vary to fit to a specific individual. This design was modeled about the mean dimensions of the odontoid process. The shaft diameter was designed so that the implant would be structurally sound while leaving enough bone mass around it for the vertebral body to bear the load. The ability of the axis body to support the implant during physiological loading was the main concern for the design.
The replacement of biological tissue with isotropic engineering material always generates structural compatibility questions in prosthetic design. The titanium implant, with a high Young's modulus, can be assumed to transmit most of the force acting on it directly to the surrounding bone. A finite element model of the surrounding axis body was created and simulated forces were applied to it to test if the bone would fail from full extension of the neck. Figure 3 shows the model of the segment of the axis body surrounding the prosthetic.
The properties of bone, including modulus of elasticity, Poisson's ratio, density and ultimate strength were applied to the model. An integrated modulus of 2 GPa (averaging cortical and trabecular bone together), Poisson's ratio of 0.3 and an ultimate tensile strength of 35 MPa were used. 47 An integral bone density of 1087 kg/m 3 was used for the whole part. 8 Integral values of the modulus and density were used to simplify the finite element model so that a cortical shell and trabecular body would not have to be assembled to ease simulation difficulty. Forces of 100 N acting at 45 degrees on the dens (physiologic loading at full extension 21 ) were simulated as a couple applied to the opening and column of the reamed hole of the axis body segment. This segment was constrained by making the areas that were cut from the rest of the axis bone fixed.
The entire model was meshed using a unit size of 1 with 3D tetrahedrons. The model was solved using the UGS NX Nastran iterative solver and the results of stress and strain were recorded from the solution of 26589 tetrahedral elements and 41163 nodes. Figure 4 illustrates the loading scenario applied to the axis body in the finite element model and Figure 5 shows the tetrahedral meshing. The magnitude of stress and strain can be seen by the colour map displayed in Figures 6 and 7 respectively. The maximum stress occurred at the fixed faces of the part, which was expected. A value of about 29 MPa was resolved at the edge of the face. More importantly, the maximum stress around the reamed hole was about 10.5 MPa. Both of these values fall below the expected ultimate strength of the axis vertebrae, from 30 to 40 MPa. 47 Similar results were found for the strain on the axis body with a maximum value of 12% at the fixed surface and 3.5% at the reamed opening.
The high values of stress and strain that occurred on the constrained faces can be attributed to the fact that they were statically fixed in the finite element model. These results would not be expected if the part was modeled as a continuous and complete axis vertebral body. The values of 3.5 % strain and 10.5 MPa on the reamed opening are considered as the local maximums on the axis body. These results show that using a metal implant embedded by this bone, under the specified dimensions, will exert tolerable stresses and strains on the apparatus under physiological loading.
Although the above analysis justifies the use of a metal implant on the axis vertebrae, it can easily be scrutinized by reasoning addressed later as recommendations for further investigation.
TRANSVERSE LIGAMENT AND BONE CONTACT SURFACES
It was necessary to develop a method of maintaining minimal tissue adhesion to the exposed regions of the implant because of the nearly constant contact that the implant makes with the transverse ligament, as well as contact with the atlas bone. We propose an original and highly experimental way of achieving prosthetic surface non-fouling, using what in nature (recently also in medical purposes) actually binds metals to living tissue. It is thought that the chemical used by mussels to anchor to metal, rock and other surfaces underwater can be used for surface non-fouling purposes. 39 The compound called 3, 4-dihydroxyphenyl-L-alanine, or DOPA as it will be abbreviated below, is found in relatively high concentration in a unique protein mixture that is secreted by aquatic invertebrates. It is what seems to be ultimately responsible for the adhesion characteristics of mussel adhesive proteins, or MAP's. 10 The DOPA is used to anchor PEG (polyethylene glycol) onto metal surfaces. This causes the metal surfaces to be resistant to cell adsorption. 10 The mechanics by which MAP chemicals adhere to surfaces is not very well understood. It is thought to be a result of the catechol side chain of DOPA interacting with the surface substrate metal ions as well as certain polymer surfaces. 55 DOPA containing peptides and PEG conjugate mPEG-DOPA 5K, and the analogue decapeptide derivative mPEG-MAPD 5K, were the two most effective compounds that were developed as non-fouling coatings for metal surfaces. 10 The mPEG-MAPD 5K and mPEG-DOPA 5K use the same principal of MAP to bind to the oxide layer of a titanium substrate and then immobilize PEG molecules on the opposite surface. 16 The PEG molecules, now bound to the outer surface, provide resistance to protein and cell adherence of the implant. Titanium surfaces coated with mPEG-DOPA 5K and mPEG-MAPD 5K have been shown in preliminary tests to eliminate fibroblast adhesion for over 14 days where the material is exposed to fresh cells twice every 7 days. 10 The surface is designed with fitting contours on the exposed region of the implant that should reduce the likelihood of creating cracks in the atlas bone and provide a smooth surface for the transverse ligament. 
IMPLANT FIXATION
The surgeon is required to ream out a hole in the axis (C2) where the prosthetic will be inserted. This ream must be done to specification with respect to the particular prosthetic, as the size and depth of insertion of the prosthetic will vary between individuals. The surgeon can then fix the prosthetic in place with the use of PMMA (Polymethylmethacrylate), the most common bone cement solution, 30 or the region of the prosthetic inserted into the bone can be sintered to encourage bone ingrowths. 41 Titanium was chosen as the material to be used for our dens replacement. Kuroda et al. in 1989 , Seah et al. in 1998 and Ozaki et al. in 2001 stated that titanium has a high resistance to corrosion, is very inert under physiologic conditions and has high strength to weight ratio, making it the ideal material for our design. 41 The advantages of using PMMA include very rapid curing times which lead to very short periods of time where atlantoaxial immobilization needs to take place in order to be certain the prosthetic is ready to bear load. Immobilization can be achieved with either conventional external immobilization, or with Herbert screws with or without wire fixation. The overseeing surgeon must decide which method of immobilization is the most appropriate depending on the patient. The major disadvantage of using PMMA is that the curing reaction generates heat and can induce crack propagation from residual stresses that are caused by curing. 40 Therefore to avoid necrosis of the surrounding bone, it is important that the axis is properly reamed out to specification for the particular dimension of the prosthetic, and ensure that no cracks in the axis bone exist from the injury. Evenly spreading the cement around the surface of the reamed opening that contacts the prosthetic is crucial to minimize heat generation during the curing process. Another disadvantage of using PMMA to secure the prosthetic is the potential of having to re-secure it if the cement fails over time. The risks involved with the use of PMMA are, as with most cemented implants as previously mentioned, revision or migration of the prosthetic, polymerization setting problems due to crack propagation, heat generation, infection and fever. The potential for rejection reactions also needs to be considered. 52 Bone ingrowth is another potential fixation method. Sintering is a form of powder metallurgy that creates a threedimensional layered porous matrix into which bone and soft tissue penetration can occur. 42 If the region of the prosthetic that is inserted into the reamed axis opening is sintered, it will allow the adjacent bone surfaces to grow into the device, securing it. A big problem with fixation by bone ingrowth is the difference in elastic modulus between the bone and the prosthetic material. This difference is usually very large, for titanium alloys up to 10 times larger. 41 This causes a phenomenon known as stress-shielding where the material with the larger elastic modulus does not distribute the stress to adjacent materials effectively and will cause the bone to remodel in response to the lack of stress applied to it. 35 It has been found that the greater the sintered volume of a prosthetic, the better it is able to minimize stress shielding. This is because sintered regions of prosthetics demonstrate a reduced elastic modulus that reduces stress shielding and increases the life of the implant. 41 A problem with surface coatings such as sintering is that they can result in insufficient surface mechanical integrity of the implant. This could potentially release foreign particles into the body if surface material breaks away. Migration of surface coating on the implant can also cause additional wear or stress concentrations within the implant. 
CONCLUSION AND RECOMMENDATIONS
Further experiments should model the entire axis vertebrae. This will shine light on the true effect of a titanium implant on the axis body and will likely remove the observed localized stress fields at the extremities of the model presented here. The mass density of cortical and trabecular bone of the vertebrae should be determined experimentally and modeled accordingly. The specific material properties of vertebral bone should be modeled as non-constant and anisotropic.
Another important recommendation is the investigation of the percent volume of sintering required to mimic the elastic modulus of bone while maintaining appropriate stiffness and strength as needed. This will significantly reduce stressshielding that may cause fracture of the axis body or failure of the implant. Adequate dispersion of stresses throughout the prosthesis and axis combination is critical in order to better cope with the everyday cyclic loading scenarios of the cervical spine. Maintaining the odontoid contact surfaces with the atlas vertebra and transverse ligament is another area of interest for research. The transverse ligament must maintain contact with the prosthesis with minimal cell adherence and ideally without the use of composite materials.
Although much work still needs to be done, the use of a titanium odontoid prosthetic is a promising vision, the ultimate objective of which is to eliminate long healing times associated with external fixation methods, and the neurological deficits associated with non-union events in odontoid fracture treatment.
